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Neuromuscular blocking agents are routinely utilized in general anaesthesia to facilitate tracheal intubation and provide adequate relaxation for surgical procedures. Because neuromuscular weakness may lead to hypoventilation and/or upper airway obstruction, not infrequent complications observed in the recovery room, it is important that any residual neuromuscular blockade following a surgical procedure be detected and adequately reversed. J.2 Electrical stimulation of a peripheral nerve with subsequent observation of the mechanical or electromyographic response of its innervated muscle helps to determine the degree of neuromuscular blockade during administration of muscle relaxants. 3-6 Furthermore, correlations between train-of-four and tetanic stimulation and variables of respiratory function have been established. 7-9 However, an inexpensive and reliable, quantitative monitor of mechanical twitch response is as yet unavailable, and the intraoperative utilization of the peripheral nerve stimulator must, therefore, rely on subjective appraisal of the muscular response to nerve stimulation and the assessment may overestimate the actual degree of return of neuromuscular funciton. 9 With the advent of integrated evoked electromyography (IEEMG), ~~ however, an accurate and quantitative assessment of neuromuscular blockade can be performed at the bedside and minimize the possibility of observer error. Previous studies have demonstrated that differences exist between electromyographic and mechanical twitch response, ~3'14 and the correlation between IEEMG and respiratory function has not been studied. Accordingly, we assessed the correlation between IEEMG with variables of respiratory function and peripheral motor strength in seven healthy volunteers following administration of subparalytic doses of atracurium.
Methods
With approval from the Institutional Ethics Committee on Human Research, seven healthy, unpremedicated, nonsmoking male volunteers, aged 26-47 years and receiving no medications, were studied in the supine position. Using the Datex 221 NMT monitor (Puritan-Bennett), IEEMG's were recorded with surface electrodes over the hypothenar muscles in response to train-of-four (TOF) supramaximal stimuli delivered to the ulnar nerve via surface electrodes at a frequency of 2 Hz every ten seconds. The NMT monitor displays the twitch depression from control (T,/Tc), and the TOF ratio (T4/T0 continuously. The supramaximal stimulus was achieved with gradual increase of the stimulus intensity as preliminary studies had indicated that this manoeuvre minimizes discomfort. Following recording of a stable control IEEMG, and allowing the subjects to be conditioned to the nose clip and mouthpiece, the following respiratory variables were measured using a Collins spirometer: tidal volume (VT), forced vital capacity (FVC), forced expiratory volume in one second (FEV0 and maximum negative inspiratory pressure (NIP) (with a Bourne aneroid pressure gauge). In addition, peripheral muscle strength was measured using a modified hand-grip dynamometer (HG), ts and the ability to sustain head-lift for five seconds and protrude the tongue were assessed. All variables were measured in duplicate to ensure reproducibility and the results were averaged for statistical computations.
After administration of atropine (0.3-0.4 mg) to reduce secretions, atracurium, 0.03 mg-kg -~ was given and followed with a continuous infusion (concentration 0.2 mg.ml -I) titrated to achieve the desired level of neuromuscular blockade as monitored by the NMT. All variables were measured again at (1) T4/Tt of 0.6 and (2) maximum depression (MAX DEP) which was defined as the point when the subject became uncomfortable and did not wish further increase in weakness. All attempts were made, by careful adjustment of the infusion rate, to ensure as near steady-state condition as possible during the time of measurement. For statistical analysis, all measurements were expressed as percentages of control and comparison with controls were made using one-way ANOVA for repeated measurements and Dunnett's test. A P value of less than 0.05 was considered to be significant.
Results
One subject did not complete the study and his results were excluded. The other six subjects were successfully studied without complications and none experienced any sensation of dyspoea during the study. The anthropometric characteristics of the six subjects are shown in Table 1 . Throughout the study, there was no change in VT in any subject. At MAX DEP, all subjects experienced difficulty with swallowing and phonation; none was able to perform any head-lift, yet all could protrude their tongues to some extent. One subject required support of the jaw to main- tain a patent upper airway. There was also a significant decrease in HG, NIP, FVC and FEVt compared with baseline measurements (Table II) . The mean T4/T1 ratio at the point of MAX DEP was 0.21 ---0.05 (--+ SEM). At the level of T4/TE = 0.6 (0.60 ---0.02), all subjects were able to sustain head-lift for five seconds and maximum NIP was the only measured variable significantly depressed. The response of one subject with the corresponding IEEMG tracing is displayed in the Figure.
Discussion
Residual paralysis from the use of neuromuscular blocking agents during anaesthesia may lead to hypoventilation or upper airway obstruction and is a constant concern to the anaesthetist. Historically, several clinical tests have been utilized to assess the adequacy of neuromuscular transmission and as indirect tests of respiratory muscle function. These tests include the head-lift 7 sustained for five seconds, the arm-lift test, t6 the ability to protrude the tongue and the intensity of hand-grip. 9 All these tests require the cooperation and coordination of an awake patient and, therefore, may not always be possible. Moreover, although the respiratory muscles are known to be more resistant than peripheral muscles, j7-23 these clinical tests do not test the respiratory reserve and are not always adequate. ~,2a Use of the peripheral nerve stimulator and observation of the mechanical twitch response provides a more objective assessment of neuromuscular transmission and is, therefore, frequently used in anaesthetic practice. A sustained twitch response to tetanic stimulation at 50 Hz is a good indicator for adequate return of neuromuscular transmission, and, therefore, respiratory function. ~, 25 However, tetanic stimulation is painful and, therefore, not applicable to awake patients. The introduction of train-of-four stimulation, which is relatively pain-free, and the subsequent demonstration of its correlation with single twitch response s has made such monitoring a standard practice. Studies by have demonstrated that a T4/Tt > 0.6 and > 0.7 are indicative of return of adequate respiratory function in awake volunteers and anaesthetized patients respectively. However, the visual assessment of T,dTI has been shown to be extremely unreliable with wide inter-observer variability, 29'3~ and as yet an inexpensive, easy-to-use mechanical twitch recorder does not exist. The Datex NMT 221 monitors the IEEMG and displays the T,/Tc as well as the TdTt in response to train-of-four stimulation continually and is therefore an attractive alternative. ~o Although baseline drift may occur and T J T c may not always return to 100 per cent, the Ta/T] is independent of T c and w o u l d a l w a y s be a v a i l a b l e for the a s s e s s m e n t o f neuromuscular transmission. The correlation between the IEEMG and respiratory function, however, has not been determined. Since the mechanical twitch response measures the contractile response of the muscle and is, therefore, dependent on contractility and loading of the muscle, and the electromyogram measures the composite muscle action potential generated in response to depolarization of the end-plate independent of the contractile process, differences may exist between mechanical and electromyographic responses although reasonable correlation between these two modalities have been observed. 13,14.31 Moreover, previous studies on respiratory function did not include the newer muscle relaxants atracurium and vecuronium and it is conceivable that their IEEMG characteristics may differ from d-tubocurarine or pancuronium although no difference apparently exists between atracurium and vecuronium, t4 We, accordingly, designed the present study to address this issue.
We chose to record the IEEMG over the hypothenar muscle, because (1) the abductor digiti minimi is solely innervated by the ulnar nerve and (2) the relatively small movement of the muscle during contractions virtually eliminates all motion artifacts. Although classic studies on mechanical twitch response use the thenar muscles (adductor pollicis brevis) and differences between the two muscle groups may exist, the magnitude is relatively small at and thought to be clinically unimportant. ~' ) These observations, however, cannot be extended to include other muscle groups such as the facial muscles. The respiratory variables studied are those generally used to judge whether or not a patient's trachea can be extubated. Although the peak expiratory flow rate and peak expiratory pressure may indicate the ability to cough, they are influenced by lung disease and, therefore, are not good measures of respiratory muscle strength. They are also seldom utilized as bedside measures.
Our results confirmed that respiratory muscles are more resistant to neuromuscular blockade than peripheral and pharyngeal muscles. At the level of maximum depression (Ta/TI = 0.21) all subjects were unable to raise their head against the force of gravity, hand-grip was significantly depressed to 25 per cent of control, and swallowing and phonation became virtually impossible. One subject required support of his jaw to prevent upper airway obstruction. Yet all subjects maintained normal tidal volumes at control values, and although NIP was reduced to 50 per cent of control, FVC and FEV t were 80 per cent of control. At the lesser level of T4/Tn = 0.6, all subjects were capable of sustaining head-lift for five seconds, and the measurement of hand-grip strength, although reduced, was not significantly depressed from control values. Vital capacity and FEV ~ were equally unchanged. Despite differences in study design, i.e., IEEMG instead of mechanical twitch tension, atracurium instead of d-tubocurarine, and the supine instead of semi-recumbent position, these observations are entirely consistent with those of All et al. ,26 and indicate that a T4/TI of > 0.6 as measured with IEEMG is compatible with adequate return of respiratory muscle strength. This consistency is not surprising since (I) EMG and mechanical twitch tension are positively correlated, n4 (2) atracurium and dtubocurarine are qualitatively similar, and although their durations of action differ, our administration by continuous infusion minimized this difference, and (3) in non-obese subjects it is unlikely that the change in respiratory function with subclinical paralysis would differ significantly between the supine and semirecumbent position. Moreover, Gal and Goldberg 32 had previously observed that the percentage reductions in force for curarized muscles were approximately the same at all lung volumes, so any difference in lung volume between the two body positions should have no effect on our findings. Corroborating our findings, these authors also found that, in their partially curarized supine subjects, a normal vital capacity could be associated with a slightly reduced inspiratory pressure. 32 Several other points deserved comment. Maximum negative inspiratory pressure, although averaged at 73 per cent of control when T,dT~ = 0.6, was significantly reduced. We suspect this was not due to respiratory muscle weakness, but rather from weakness of pharyngeal muscles and/or vocal cord paresis leading to a partial airway obstruction during maximal forced inspiration. That upper airway obstruction may exist during partial paralysis had been demonstrated in previous studies utilizing various flow volume loops, ]8 peak inspiratory flow, 33 maximum voluntary ventilation, 17 and upper airway resistance measurement.* More recently, Pavlin et al. 34 reported that a NIP exceeding (more negative than) 50 mmHg is required to overcome upper airway obstruction, and is consistent with our observations. However, the clinical significance of such a small reduction in NIP remains to be established; at this level, the lowest NIP in our subjects was 45 mmHg and far exceeded the usual criterion of 25 mmHg for extubation. 2 We may be criticized for studying the respiratory function during steady-state infusion rather than during recovery as occurs in clinical practice. The short-acting nature of atracurium simply does not allow execution of the measurements during a rapid recovery phase; Moreover, any potential bias introduced by this experimental design would only serve to overestimate the respiratory impairment as steady improvement can be expected after T4/TI reaches 0.6 during recovery from atracurium blockade.
Kopman has previously reported that mechanical twitch T4/T[ lags behind IEEMG during recovery from atracurium blockade. It Should this relationship hold true for our observations, our IEEMG T4/Tt of 0.6 would translate to a lower value in mechanical response and, therefore, would be inconsistent with Ali's observations. However, important differences exist between Kopman's study and our study; Kopman's patients were studied during halothane-nitrous oxide anaesthesia while our subjects were awake. Moreover, it has been reported that IEEMG T4/TI is virtually identical to the mechanical response during onset of atracurium 12 although IEEMG similarly lags behind during recovery. As our experimental design compares more closely to onset rather than recovery, the T4/TI likely approximates the mechanical counterpart. The strength of peripheral muscles as assessed by HG and head-lift further lend support to our observations on respiratory function. However, in stating that an IEEMG T4/TI of 0.6 is compatible with near normal respiratory function, it must be emphasized that our subjects were unanaesthetized, and had not undergone surgical procedures. The validity of using IEEMG T4/TI of 0.6 as an indicator of adequate return of respiratory function in anaesthetized patients, therefore, remains to be confirmed. In this context, we would agree with Kopman's statement that an IEEMG TdT~ of > 0.9 would ensure adequate return of neuromuscular function, even if this value seems unnecessarily high judging from our observations. We also confirmed that the NMT monitor is easy to use and its employment in clinical practice allows continuous quantitative assessment of the neuromuscular function and may improve patient safety.
In conclusion, we have observed that (I) in unanaesthetized subjects, an IEEMG T4/TI of 0.6 is consistent with nearly normal respiratory function, (2) significant respiratory impairment can exist without a reduction in tidal volume, and (3) as observed by others, upper airway obstruction may be an important factor in patients with residual neuromuscular blockade.
